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EXPERIMENTAL INVESTIGATION OF THE EFFECTS OF VISCGSITY
ON THE DRAG OF BODIES (OF REVOLUTION
AT A MACH NUMBER CF 1.5

By Dean R. Chapmen end Edward W. Perkins

SUMMARY

Tosts wore conducted to determlne the offects of viscogity
on tho drag and base pressurs cheracteristics of various bedios of
revolution at a Mach number of 1.5. The models woro tostod both
with smooth surfaces and wilth roughnoss added to ovaluato tho
effoctas of Roynolds numbor for both laminar and turbulont boundary
layers. The principal geometric variables investigated werc aftor—
body shape and length—-dlameter retio. For most models, forco toests
end basc prossure moasurcments wore made over a rangs of Roynolds
numbers, based on modol length, from 0.6 million to 5.0 millions.
Schlicren photographs woro usod to analyze the effccte of viscosity
on flow scparation and shock—wave conflguration ncar the baso and
to verify tho condition of the boundary layor as deducod frcm forcs
tosts. Tho rosults are discussged and compared with thoorotical
calculations.

The vosults show that viscosity offocts arce large and dopend
to a groat dogree on the body shape. The offccts differ groatly for
leaminar and turbulont flow in the boundeary layer, and within oach
regime dopend upon the Reynolds number of the flow. ILeminar flow
was found up to a Roynolds mumbor of 6.5 millions and may possibly
oxist to higher values.

The flow over tho afterbody and tho shock-wave configuration
near the besc ars shown to be vory much difforeont for laminar then
for turbulent flow in tho boundary layer. Tho basc prossurc is much
higher with the turbulont layor than with tho laminar layor, rosult—
ing in = negative basc dreg in somoc cases. Tho totel dreg charactor—
igtics at a givon Roynolds number are affectod considercbly by tho
transition to turbulent flow. Tho fors drag of bodios without boat
tailing or of boat—tailod bodice for which tho offccts of flow
soparation arc nogligible cen ho coloulated by adding the slin—
friction drag besod upon tho assumption of tho low-spcod friction
characterigticas to tho thooretical wave drag.
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2 CONFIDENTIAL NACA RM No. ATA31a

For laminar flow in the boundary layor tho offocta of varylng
tho Roynolds number were found to be large, approximately doubling
the base dreg in many cases and increessing the total drag sbout
20 percent over the Reynolde number range investigated. For
turbulent flow in the boundary layer, the effects of varying the
Reynolds nuwsber usually changed the base dreg and total draeg coelfi-
clents consldersbly.

INTROUDUCTION

The effects of viscosity on the aercdyaemlc characteristics
of bodies moving at low subgonic speedes have besn known for many
years and have been evaluated by numerous investlgators. The
effects of viscosity at transonic speseds have been investlgated
only recently, and relatively large effects on the flow over air—
foils are reported by Ackeret {reference 1) and Liepmann (reforence 2).
Although the relative thoroughness of these two investigations has
furnished a good start toward a satisfactory evaluation and under—
standing of the effects of viscosity in transonlc flow fields atill
very little is known about the effects at purely supersonic speeds.

The experiments reported in references 3, 4, and % have succeeded
in evaluating the magnitude of the skin friction for supersonic flows
in pipes and on curved surfaces. Reference 6 contains a small
smount of data on the effects of Reynoldse number on the drag of a
sphere and a cilrcular cylinder; however, these data are not appli—
cable to serodynamic shapes which are practical for supersonic flight.

It has been genorslly assumed that the effects of viscosity are
small end need be consldered only when determining the magnitude of
skin friotion. In roviewing past data for the effects of viscosity
it was found that in many veports, such as references 7 and 8, the
model size was not statod, thereby remdering the calculation of
Reynolds number quite difficult.

Proliminary tosts in the Ames l- by 3—foot supersonic wind
ftunnel No. 1, which is a variable-prossurc tunnel, showed a relativoly
large effect of Roynolds number on tho dreg of bodles of rovolution.
The resulte of this cursory investigation wore nol roported becauso
the magnitude of support intorforence was not known and because
cortain inaccuracles in the balanco measurements worc known to exlst
in the data tekon at low tunnol prossures. An investigation of wing-
body interaction at supersonic spoeds has beon conducted subsogquontly
and the resulte prosented in reforonce 9. Because of tho support
interference and the balance inaccuracles notod at low prossurcs
the date prosented thercin of the offoct of Roynolds numbor on itho
drag of smooth bodies are not sufficloently accurato throughout
the rango of Roynolds mmbers for dircct spplication to tho conditions
of froc flight.
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Since the effects of viscosity already were known to be
ralatively large at. .the outset of this investigation, the purposs
of the present research was made twofold, The primary purpcee was
to develop an understanding of the.mechanism by which viscosity
alters the theoretical inviscid flow over bodies of revolutiocn at
supersonlc speods, and the secondary purpose to determine the magni-
tude of these effects for the particular bodies investigated.

APPARATUS AND TEST METHODS
Wind Tunnel and Imstrumentation

A genersl description of the wind tunnel and the principal
instrumentation used can be found in refersnce 9. Included therein
is a description of the schlieren apparatus, which forms an Integral
part of the wind—tunnel equipment, and ths strain—gage balance systom
smployed for measuring asrodynamic forces. In order to obtain
accurate data at low as well as hligh tunnel prossures, a more sens3i—
tive drag gage was used in the present investigation than in the .
investigation of reference 9; however, all other details of tho -
balance system are the seme. For the purposes of tue present
investigation, it is pertinont to add that the tunnel is equippod
wlth three turbulenco—reducing scroens located in the sottling
chamboxr.

The tunnel total pressure, the static roferonce pressure in
the test soction, and the prossure in the air chamber of the balance
housing wers obsorved on a mercury menomcter. Bocause the diffor—
ence botweon tho base prossure and the static referonce pressurc in
the tost soction is ordinarily teoo smell (cnly 0.5 cm of morcury at
low tunnel prossuros) to be accuratoly road from & morcury manomctor,
& supplementary manometer using a fluid of lower specific gravity
was employed. Dibutyl phthalate, having a specific gravity of
approximately 1.05 at room temperatures, was used as an indicating
fluid in this manometer instead of the conventional light manometer
fluids, such as water and alcchol, because of its lower vapor presg—
sure and 1ts property of releasing little or no dissolved air when
eXxposed to very low pressures.

Models and Supports

Photographs of the models, which were made of aluminum alloy,
are shown in figures 1 and 2, and thelr dimensions are given in
figure 3. Models 1, 2, and 3 were each formed of a 1lO—caliber oglve
nose followed by a short cylindrical section; they differ from one
another only in the amount of bcat tailing. The shape of the ogive
was not varied in this investigation because the flow over it is not
affected appreciably by viscosity. Models L, 5, and 6, which differ
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from ons another only in thickness ratio, were formed by parabolic
arcs with the vortex at the position of maximum thicknoss. For
convonionco, some of the more importent geomotric propertlos of
modols 1 through 6 are listed in the following toblo:

Nose Aroe—~ Longth- Baso-—

Modol Frontal half volumo diamotor aresa
arosa anglo ratio ratio ratic
| A(=q in) 6{deg) A/(V)E/® /D Ap/A
1 1.227 18.2 0.302 7.0 1.00

2 1.227 18.2 .309 T.0 558

3 l.227 18.2 .318 .. T.0 .348

L .866 1.3 .30% 8.8 191

5 1.758 15.9 .383 6.2 .186

6 3.426 21.8 479 L. 187

In addition to tho above-montionod modols, sovorsl othor bodlus
worc tosted for cortein specific purposcs.  Thus, models 7 and 8
worce medo unusually long so that tho skin friction would bo & lergo
portion of the measured drag, thereby enabling the condition of the
boundary layer to be deduced from force testas. Various substiltute
ogives, shown in figure 2(a), were made interchangseble with the
smooth ogive that is shown attached to the cylindrical afterbody of
model 8. These ogives were provided with different types and
emounts of roughness and could be tested either alone or with the
long cylindricel afterbody attached, When the ogives were tested
alone, a shroud of the seme diameter as the ogive was used to
replace the cylindricel afterbody. Model 9, & body with a conical
nose, and model 10, a sphere, were tested in crder to compare the
results of the present investigation with existing theoretical
caloculations and with the results of other experimental investige—
tions. Models 11, 12, 13, and 1% were constructed to determine the
effects of the length—-diameter ratio for a fixed shape of afterhody.
In all cases when a smooth surface was desired, the models weres
polished before testing to obtain a surface as free from ascratchos
and mechining marks as possible,

Tho models were supported in two different weys: by & rear
support and by a side support, as shown in figures 4, 5, and 6. Tho
rear support used in the majority of the cases conslats of a ating
which supports the model and attaches to the balance beem. A thin
steel shroud encloses the sting and thereby eliminates the aosro—
dynamic tare forres. Use of the rsar support allows force data, baso
preggure data, and schlieren photographs to be taken simultenecuvsly.
The side support which attaches to the lower side of the model -
consists of a 6—percent—thick airfoll of straight—side sogments
and 7° semiwedge angle at the leoading and trailing edges The
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glde support was used to dotormine the effects of the axial variation
in test—section static pressure on base prossure, and, in conjunc—
tion with a dwmy roer support, to evaliuate tho offects of support
interforonce. Basc prossure data and schlieren photographs can be
obtainod whon the side support is used.

Test Methods

Tho tests wore conducted at zoro anglo of attack in a fixed
nozzle designed to provide a uniform Mach numbor of approximatel:r
1.5 in the test soction. For the positions occupled by ths difforont
modols, ths froc-stream Mach number actually varied from 1.49 to
1.51. This is somowhat lowor than tho Mach nurber of tho tsets
roported in rcforence 9, which woroe conducted farthor downstream in
tho test scction.

Bofcro and aftor each run preceutions wore takon to tost tho
prossurc linos for leosks and the balanco systom for friction or
zoro shift. Each run wes mado by starting the tunnel at a low
prossuro, usually .3 pounds por squaro inch absoluto, and taking
data at difforont lovols of tunncl stagnation prossurc up tc a
maximum of 25 pounds por square inch absoluto. Bocausc of tho lag
in tho menomotor systom, approximately 15 minutos at low pressures
and 5 minutos at high prossuros wore allownd for conditions to
come to oquilibrium. Tho over—all variation in Roynolds numbor
bascd on body longth renged from about 60,C00 to 9.4k millions. Tho
spooifiec humidity of tho air usually was maintainod bolow 0.000L
pound of wator por pound of dry alr, and In gll cascs wes bolow
0.0003.

In gonoral, ocach body was tostod with a polishcd surfaco and
then lator with roughnoss addod to fix transition. As illustratod
in figuro 2(a), soversl difforont mothods of fixing trensition on
a body in e suporsonic stroam woro tricd. Tho usual caerborundum
mothod ocmployed in subsonlc rcsoarch was not usod beecauso of the
dangor of Pblowing carborundum perticles into thoe tunnel~drive
comprossors. The mothod finally adoptod was to comont a 1/8-inch—
wido band of particlos of table salt around the body. This mothod
provod succeossful at all but tho vory low Roynolds numbors. On
models 1, 2, 3, and 12 roughnoss was locatod ono-ocighth inch down~
stroem of tho boginning of tho cylindrical soction. On modols b,

5, and 6 the roughness was placod 4.5 inchos from tho noso aend on
model 8 onc—cighth inch upstroam of tho beginning of tho cylindrical
aftorbody. Modols 7, 9, 10, 11, 13, and ;Jl- wore tosted in tho smooth
condition only.

CONFIDENTIAL
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RESULTS -
Reduction of Data

The force data included in this repor't have been rediced to
the usval coefficient form through division by the product of tho
free—stroam dynemic pressure and the frontal area of the body
If it is desired tc refer these coefficients to (volume)®/®  tho
nocessary converslon factors can be found in the table of the
gecametric proporties of the models.included in the sectlon on
models and supports. In cach case, conditions just ahead of the
nose of a modol are taken as the free-stream conditions.

The meoasurements of the pressure on the base of each modsl
are reforred to froeo etream static preossurce and mads dimenslonless
througk divisicn by tho frec—stroam dynemic prossure. Thus, tho
base pressure coofficlant is calculetod from the equation

Pp = 2B E2 (1)
whero ' T
Pp base prossure cosfficlont
PR prossure acting on tho base
Pi froe—stream static preossure
Q1 froe—stroam dynemic prossure

The dynamic pressuro is celculated from tho isentroplc relaticn
ghips. A smell oxporimontally determinod correctlon lg applicd
for the loss in total prossurc dues to condonsation of water vapeor
in the nozzle. Tho Roynolds number ls bascd upon the body longth
and is calculated from the lsentroplc relationships using
Suthorland's formula for tho varilation of viscosity with tho
tomporature of tho air.

It is convoniont to coneidor tho forco duc to tho basc prossure
as a soparatc componont of the total dreg. Accordingly, the baso

drag is roforrod to tho frontal areca, and in cocofficient Torm is
givon by

- pg (2B _
= PB(\AJj - (2)
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where

CDB base drag coefficient
Ap area of base

A frontal area of the body

The fore drag is defined as the sum of allldrag forces that
act on the body surfece forward of the base. Hence, the fore drag
coefficient is given by '

Cpp =0p ~ Cpy (2)

whiro Cp 1is the total drag coefficient and CDF the fcre drag
coefficient. The concept of fore drag cosfficlent is useful for
several reasons. It is the fore drag that 1s of direct importance
ts the practical designer when the pressure acting on the base of

a body is altered by a Jet of gases from & power plant. Considering
the fore drag as an independent component of the total drag gresatly
simplifies the dreg enalysis of a given body. Finally, the fore
drag, as will be explained later, is not affected apprecisbly by
interference of the resr supports used in the investigation.

Since the nozzle calibration with no model present showed that
the static pressure along the axis of the test section is not
constant (fig. 7), the measured coefficients have been corrected
for the increment of drag or pressure resulting from the axial
pressure gradient. A detailed discussion of this correcticn is
presented in appendix A, and the experimental Justificetion shown
in figures 8 and 9.

Precision

The teble which follows lists the totel uncertainty thet
would be introduced into each ccefficisnt in the majority cf the
reaults if all of the possible errors that are known to exist in
the measurement of the forcses and pressures and the determination
of free-stream Mach number and gradient corrections were to accumulate.
Actually the errors may be expected to be partially compensating, so
the probable inasccuracy is about half that given in the table. The
sources snd estimated magnitudes of the probable errors involved are
consldered at greater length in appendix B. The values in the
followling table are for the lowest and bighest tunnel pressures end
vary linearly in between  The table does not a2pply to data that are
presented in figures 12(b), 16, 17 and for models 4, 5, and 6 in

CONF IDENTTIAL
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figures 26(a) and 32(a) where the possible variation in the balanco
calibration constant may increessc tho limite of crror as discussed
in appoendix B. :

Maximum vaiuwe of Maximum valuoc of
Coefficient oerror at lowest pressurs error at highost prasswro
Total drag + (2,48 plus 0.00h) * (1.1% plus 0.004)
Fors drag + (1.6 plus 0.004) + (0.6% plus G.00h)
Baso prossure + (0,84 plus 0.005) © * (0.5% plus 0.005)
Base drag + [0.8F plus 0.005(4p/A)]  * [0.5% plus 0.005(Ap/A)]

Effects of Support Intorferonce

Previous to the present investigatlion an extonsive soriss of
toste was conducted to determino the body shapo end support combina—
tions necossary to oliminate or evaluate the support intorferonco,
Based upon tho resulte obtainod, a summary of which appoars in
appendix C, it is belioved that all the drag date presented herein
for the models tested in the smooth condition 1s free from support
interference effects with the exception of the data shown Iin figurs
30. TFor the models tested with roughness, the fore drag data are
free from interference effects, but an uncertainty in the base
pressurs coefficient exists which may vary from a minimum of *0.005
to a maximum of 0,015 for the different bodies. As a result, the
bage drag coefficients and total drag coefficlients for the same
tost conditicns are subject to a corresponding smell uncertalnty.

Schlieren Photographs

Since much of the bagic Iinfoimation containsd in this report
1s obtalned from schlieren photogrephs, a somewhat detalled explana--
tion of thelr interpretation is in ordeyr. A typicel schlieren
photograph taken with the knife edge vertical 1s shown in figure 10.
The various features of the flow are designeted in this photogreph
vhich shows the entire fileld of view of the schlleren apparatus.
Other items, such as the natural gradisnts inhersnt in the glass
and. the horlzontal and vertical reference wires mounted outside of
the tunnsel are alsg spparent in this and other photographs presentesd
in the report. The horizontal stresks that appear on some of the
schlleren photographs are a result of oil in the tunnel cilrcult
due to temporarily faulty gasketing in one of the main drive
compressors. The mottled appearance of the background is believed
to result from the varying density gradlents in the boundeary layer
flow on the glass windows.

The schlieren photographs were teken with the knifeo edge both
horizontel and vertical. Density gradients normal to the streanm

CONFIDENTTIAL
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direction are detected with the knife edge horizontel; waersas thosge
parallel to the stresam direction are detectsd with the knife edgs
vertical. For the horizontal orientation the inife edge was piaced
80 that increasing densily gredients in a downward dirsction appesnr
as whits areas on the photographs. For the vertical orisntation

the knife edge was placed (except for the photograph in fig. 10 end
the sphere photographs in fig. 20) so that increasing density
gradients 1n the downstyream direction appoar as white areszs.

Theoratical Calculaticns

Although at present no theoretical mothod is availabls for
calculating the bamse pressure and hence the totel drag of a body,
several methods are avalloble which provide an excellent thecratical
standard to which the experiwmentel measuroments of fore drag can be
compared. In this report the thavretical fore dreg is considersd
to be the sum of the theoretical wave drag for an inviscid flow and
the skin-friction drag corresponding to the type of boundary layer
that exlists on the body.

A typical Mach net and the corrssponding pressure distribution
for the theoretlical inviscid flow over one of the boat—tailed bcdioes
tested in thls investigation is shown in figure 11. For purposss of
comparison the presgsure distribution as calculated by the linosr
theory of von Karmsn and Moore is Included as is theo  pressure
coefficisnt at the nose of a cono, the included anglo' of which is
equal to the anglo botweon the surface tangents at the nose of tho
ogive. This lattor is obtained by the methcd of roforencss 10 and 11.

The wave drag for many of the bodios tested was calculatod by
the method of charactoristics for rotationslly symmotric supersonic
flow as givon in roforences 12 and 13, In accordance with thc
theorotical results of reforenco 1k, the Ffluid rotetion preduced by
the vory small curvature of the hoad shock wave wes noglocted. This
procodure is justified experimontclly in roforcnce 8, whore tho
theoretical calculaticn using the mothod of charectoristics cs
presented in roference 12 are shown to bo in oxcellont agrgoment
with tho moasured preasure distributions for oglvos with cylindrical
afterbodics.

The calculation of the skin-friction dreg in any givon caso
requires & knowlodgo of the condition of tho bounéary layer. In tho
cages for which tho schlicron photogrophs and the forco tosts indi-
catod that the ontirc boundary layor was laminer, the curve of
thooretical fore drag usod for comparison with tho exporimontal
rosulbs was obtainod by adding to the wave drag a theoroticel
skin—friction drag calculatod by using tho low--spood skin—friction
coofficionts for laminer boundary layor flow at the Roynolds numbor

CONF IDENTTAL
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based on the full length of the model. This. procedure, which is in
accordance wilth reference 3, gives the eguation

CDg = Cfpp(AF/A) - - (%)

where

CDe skin-frictlon drag coefficient for the model at ths
Reynolds number, Re, based on the full length of
the model .

Cfl&m low—speed gkin-friction coefficient for laminar bounda*yh
layer flow at Re ' :

Ap wotted area of the model forwsrd of the base
A frontal area of the model

For the models with roughness added 1t was assumed that the
dlgturbance of the boundary layer resulting from the sslt band was
sufficient to cause tramsition to a turbulent boundary layer to
occur at the band. The theoretical skin-friction drag was then
obtained by means of the equation

ODF* Cflam { =R} * Ofturd {5) — OFpurd (B=) (>)

where

Cflam low-apeed skin—frictlon coefficient for laminar boundary—
layer flow at the effective Reynolds number, Re', besed
on the length of the model firom the nose to the polnt
where the salt band was added .- .

Alam wetted area of that portion of the model forwerd of the
salt band

ClLiupp 1ow—speed skin-friction ccefficient for turbulent boundary-
laysr flow at the Reynolde number Re, based on thne full
length of the model )

Cfturb low—epeed skin-—friction coefificient for turbulent boundarJ-
layer flow at the effective Reynolds number Ro'

CONF IDENTTAL
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This method of calculation presumes that the fixed roughness was
of such a nature as to ceuse the turbulent bcocundary-—layer flow
downstream of the point where the roughness was added to be the
pame as would have exlsted had the boundary-—layer flow been
turbulent all the way from the nose of tize body.

DISCUSSION

Flow Charecteristics
\

Before analyzing the effects of viscosity on the dreg of the
bodies of revolution, it is convenient to consider qualitatively
the effects on the general characteristics of tke observed Ilcw.
In go doing it is advantageous to coneider first the condition of
the boundary layer characterized by whetker it is laminar or tur-—
bulent and then the effect of varistion in Reynolds number on flow
separaticn for each type ofcboundary leysr. Once the effects, on-
flow separation, of the Reynolds nmumber and the condition of the
boundary layer are known, the observed effects on the shock—weve
configuration at the base of the model are easily explained.
Likewise, onco the effects on flow separation snd shock—wave
configuration are known, the resulting effects of viscosity on
the fore drag, base drag, and total drag are easily understood.

Condition of the boundary leyer.— Since results cbserved at
transonic speeds (references 1 and 2) have shown that the general
flow pattern about a body depends to a marked degras onm tho type
of boundary layer present, it is posslible that the boundary-layer
flow at supersonic speeds alsc may be of primery importance in
detormining the over—all aerodynamic characteristics of a body.
Consequently, the determination of the extent of the leminar

boundary layor undor normal test conditions is of fundamental
importance.

In en attempt to dotermine the highest Reynolds number at which
laminar flow exlsts on models tested in this investigation, a
relatively long polished body (model 7) was tested from a low
pressurc up to the highest tunnsl pressurs obtainable. In this
cago, tho diamceter of the shroud which encloses the roar support
sting was madeo tho same as the diamstor of the body. The fors
drag moasuromonts on this model are shown in figure 12(2). Since
the skin friction is a relatively large portion of the measursd
fore drag, the condition of tho boundary layer can be deduced from
thceo force tosts. Tho date indicato that the boundary layor on
this body is still laminar up to the highest obtainablo Réynolds
number of 6.5 millions. Tho oomputed fore drag dats used for
comparison aro obtalnod by adding a laminsr or turbulent skin—
friction coofficient based on low-spsod ckarsctcristics to the

CONFIDENTIAL
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oxperimental wave drag of the ogival noso. Thip latter is dotormined
by subtracting from the fore dyag data of figwo 16 the low-spood
laminar skin-friction cosfficiontes for the smooth ogive at tho
higher Reynolds numbers where the error, rosulting from the assump—
tion of the low-—epeod coofficiente, is a small percent of the
deduced wavo drag. Schlieren photographs from which the conditicn

of tho.boundary layer may bo obscrved aro shown in figure 13. Thoy
confirm the proviocus finding by showing that transition does not
occur on the body, but bogins a ghort distaonce dewnstricm from

the baso of tho model, as indicated by errow 1 in the photograph.

A clogo examination of the photographe in figure 13 roveals
that the beginning of tramsition (arrow 1) is locatod at tho semo
point on the support shroud as tho waves (arrows 2 and 3) which
originate from s disturbenco of the boundary layer. It was found
by moasurcmonts on tho schlieron photographs that tke point of
origin of thosc waves on ths ghroud and tho intorscction wita tho
shroud of tho bow wavo, which has beon roflocted by the tost—soction
sido walls, coincide. This suggosts that transition on tho shroud
is boing brought about prematuroly by tho roflectod bow waves. Addl-
tional ovidonco that this is not natural transition is obtainod in
noting from figuro 13 that tho point whorg transition bogins doos
not move with a chango in Roynolds number. If the modol wero longor
than a critical longth, which is ebout 11 inchos for tho conditions
of tho presont tests, thoso rofloctod waves would striko tho modcl
somowhoro on tho aftorbody and promature transition would bo cxpectod
to affoct the results. Figurc 12(b) shows tho rosulte of tho
moasurcmonts of foro drag on a 16.7—inch body (modol 8), which is
considerably longor than tho critical longth. Thoso forco daty
confirm tho sbove conjocture by cloarly indlcating a partially
turbulont boundary layor on the body ovon at Roynolds numbors as
low as 2 millions. The schlieren photographs of tho flow ovor this
body aro prosonted in figurc ik, It is scon that, in this casc also,
tho transition to turbulont flow (arrow 1) is locatod at tho samo
point as tho waves (arrows 2 and 3} originating from tho disturbanco
of tho boundary laycr by tho roflocted bow wave. Similarly, an
additional small wave (errow 4} can bo trocod back to a disturbence
of tho boundery layor caused by a shock wavo originating from o
vory slightly imporfoct flt of tho glese windows in tho sido walls.

Although tho maximum possible oxtont of leminer flow that may
bo oxpectod on bodios of revolution cannot bo dotermined on tho
basis of tho prosont tosts becausc of this intorforonce from the
roflocted shock wavos, tho forogoing rcsults show that, undur tho
conditions of thoso tosts, a laminar boundery laycr oxists ovor tho
ontire surfaco of a smocth modol about 11 inchos long up to at loast
6.5 millions Roynolds numbor,

In comperison to the valucs normally oncountorcd at subsonic
spoods, a Roynolds numbor of 6.5 millions at first appoars to be
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somewhat high for meintonance of laminar flow cver s body, unloss
favorablo pressurc Eradioents oxist over tho ontiro longth of ‘that
body. The prossure distribution over model 7, shown in figure 15,
has boon detormined by suporimposing tho prossuro distribution which
oxists along tho axis of the nozzle with no modol present upon the
thooretical prossuro distribution calculatod for modol 7 by tho
motiiod of charactoristics. The resulting prossurc distribution shows
that the prossurc gradiont is favorable over the ogive, but is
actually adversc ovor the cylindrical aftorbody. This suggosts
that tho stebility of tho laminar boundary lsyor at a Mach mmbor of
1.5 may bs considorably groator than at low iach mumbors.

An increasge in the stability of the laminsr boundary laysr with
an increase in Mach number has been indicated previously by the
theoretical work of references 15 and 16, and is confirmed experi—
mentally for subsonic flows by the results of references 6 and 17
as well as by the experimental data given for alrfolls In reference
15. Some of the experimental research carried out in Germany are
in disagreement with these results. In fact, part IV of referencs
18 reports that the schlieren observations made in the supersonic
wind tunnels at Kochel indicated that the Reynolds number of transi-
tion to turbulent flow on cones was even less than the value for
an incompressible flow with no pressure gradient. On the basis of
the degcription of the Kochel wind tumnels given in part I of
reference 18, it appears that because of seversl factors the condi-
tiona of flow therein are somevhat adverse to the formation of
laminar boundsry layers as extensive as those that wculd exist in
free flight. One of the more importent of thess factors 1s
believed to be the large number of shock waves which originate
from imperfections inm the nozzle walls and distunrd the boundary
layer over the body. These shock waves ordinerily number about 15
and are readily visible in various schlieren photographs. (See
reference 21, for exampls.) ' ’

In order to cause the laminar boundary layer to become tur—
bulent in this investigation, an artifice such as adding roughness
was necessary. In a supersonic stream, however, the addition of
roughness to a body also will increase the wave drag of that body.
The magnitude of the wave drag due to roughness was determined by
testing with full diameter shrouding and no afterbody attached,
first the smooth ogive, and then the ogives with various amounts
and kinds of roughness added (fig, 2(a}).

The corresponding fore drag measuvements are shown in figure 16.
These data 1llustrate that little additional drag is attributable to
roughness at the low Reynolds numbers where the boundary layer is
relatively thick, but that en appreciable amount of wave drag is
attributable to it at the higher Reynolds numbers. For all subsequent
results presented, the amount of dyag caused by the artifical
roughness is subtracted from the megsured data taken for the bodles
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tested with trensition fixed. In order to calculate the emount of
drag caused by the roughness for models of diameters differsnt from
the ogives tested, it was assumed that for any model the increment
in drag coefficient attributable to the drag of the artificiasl
roughness was inversely proportional to the diameter of the uoedsl,
at the station at which the roughness was applied.

The fore drag messurements of model 8, which consists of a
cylindrical afterbody with any ons of the interchangeable oglves
directly attached, are presented in figure 17. These date, from
which the drag increment due to the added roughness has been sub—
trected as noted previously, show that the degree of roughnoess
produced by sand blasting the surface of the oglve ls insufficient
to cause transition at low Reynolds numbers; whereas, the roughness
produced by the 3/16—inch— or the 3/8-inch—wide saelt band csused
transition at a1l Reynolds numbers.

A vivid 1llustration of the turbulent character of the boundary
layer on those bodies with roughness added is given by the scklisren
photographe in figure 18. The boundary layer is best seen in the
photograph taken with the knife edge horizontal. A ccmpasrison of
these photographs with those of laminar boundary layers (£lg. 13,
for exasmple) illustrates how the condition of the boundery layer is
apparent from schlieren phoitographs.

The results at transonic speeds reported in refersnces 1 and 2
have shown that the same changss in pressure distribution and shocl—
wave configuration brought about by transition due to inherent
boundery—layer instability at high Reynolds numbers can also be
brought about at those gpeeds by any of several means. The axtifices
uged in veferences 1 and 2 included fine—grain roughness, frese—
gtream turbulence, and a single large disturbance; the resulting
asrodynemic effects were the same, provided in sach case the boundary
leyer was changed from laminsr to turbulent. Consequentliy, no
matter what causes the boundary layer to become turbulent In free
flight, it seems likely that, excluding possible =small differencss
in gkin friction, the resulting effects on the serodynamic character—
istics of the body will be very nearly the seme as If the boundary
layer woro mede turbulent by roughness alone, as 1s the case in the
experiments conducted in this investigation.

Flow Senaration.- Changes in flow separation brought about by
changing the bcundary-layer {low from leminar to turbulent alter
the effective shape of the body, the shock—wave configuratiocn, and
also the drag. It is therefore essential to consider the effects
on flow separation of both the condition of the boundary layer and
the Reynolds number,

The locatlion and degree of separation of the laminar boundary
layer for the boat - talled bodles teated in the smooth condition
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varied noticesbly with the Reynolds numbsr of flow. The schlisren
photographs of Model 6 in figure 19 are typical of this effect.
Additional photograsphs, presentsed in figure 20, illustrate the

same phencmena in the flow over models 2, 3, and 1C, each at two
different Reynolds numbers. In each case, as the Reynolds number
of the flow is incressed, the separation decresses, the convergence
of the wake increases, and the tralling shock wave moveg forward.

Separation of an apparently laminar boundary laysr has bsen
pointed out previously by Ferri in reference 19 for the two-—
dimensional supevsonic flow over the surface of curved alrfolls.
The schlieren photographs thersin indicate that a shock wave forme
at the point of leminar separation. On the other hand, the schlieren
pictures of the flow fields for the bodles of reveolution tested in
the present investigation, show no definite shock wave accompanylng
separation except for the sphere (fig. 20) in which case the shock
wave is very weak indeed. It may be concludsed, therefore, that a
separation of the laminar boundary layer is not necessarily
accompanied by a shock wave at supersonic spseds. The same con
clusion for traneonic flows has been drawn in reference 2.

It might be surmised that the trailing shock wave situated some
disgfence downstream of the separation point is interacting with or,
perhaps, even causing the flow separation by virtue of pressure
disturbances propagated upstream through the subsonic portion of
the wake and boundary layer. Some indication that this is not the
case 1s given by the schlieren photographs In figures 19 end 20. It
cen be seen from these photogrephs that the trailing shock wave
moves upstream and tne polnt of separastion moves downstream as ths
Reynolds number is increased. It would logically be expected that
this decrease in the dlistance between the shock wave and the separas—
tion point would intensify any possible interection between these two
slements. The photographs show, however, that the degree of sopara-
tion actually decreases as the trailing shock weve moves upstreeam,
This suggests that the trailing shock wave does not have much
influence on the laminar separation. Additional evidence which
corroborates this conjecture was noted in the course of the Investiga—
tion of support interference, wherein it was found that if the
diameter of the support behind models 2 and 3 was increased, the
trailing shock wave moved forward, but the base pressure and laminar
gseparation 4id not change. On this basis it appears likely that the
cause of the laminasr separation is not assoclated with a shock wave,
but with other phencmena.

In order to analyze more closely the dstails of the flow
saeparation, the pressure distribution slong the streamline Jjust
outgide of the scparated boundary layer was calculated for several
flow conditions over models 3 and 6. Ths calculations wore mads
using the method of characteristics, and obtalning the contour
of the streamline Jjust outside the separated boundary layer from
enlargements of the schlieren photographs. Typicel results from
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these calculations for modsl 3 are presented in figure 21. It is B
seen that the pressure on the outside of the boundary layer is - -
approximately constant, downstream of the point of geparation, as t
i@ characteristic along the boundery of a 'desd-water region. The

pressure along the line of separation can be expected to be approxi-—

mately equal to_that in the dead water region, and nence, equal to

the base pressure. A comparison of the calculated values of the

average pressure in the desd--water region with the meesursd velues

of the base pressure for several conditions of flow over models 3 :
and 6 1s given in the following table: ' : -

Celeculated Meagured
pressure goeffi— vaso
cient of-dsad Prussure
Model Reynolds number wator reglon coefflicient

3 0.6 x 10° '. -0.05 —0.06
3 2.0 x 1% ~.11 ~.12 -
6 .6 x 108 .10 -1 -
6 1.5 x 10 -~.13 -.13 _

The preceding results indicste that for laminar flow the base presssura, -
at least for boat-tailed bodiee, is detormined by the degree of -
separation which occurs forward of the base. This suggoste that,

if a means can be found to control the separation, the base pressuro
also can be oontrolled. :

The theoretical pressure distributions on modols b and 5 aro
similar to the pressure distributiocn on model 6, which is shown in
figure 22. In each casge, the leminar soparation observed in the
schlieren photographs 1s located et a point upstraam of which tho
pressure decroases continually slong the direction of flow. For,
gubsonic flow this condition ordinsrily would be termed favoreble
and separstion would not be expected. It thus appears that the -
separation phencmena observed are of a different naturo from thoso -
which commonly result from a retardation of the fluid particles in
the boundary layor. Further rescarch on this subject 1la nocossary
in order to gain a satisfactory understanding of the obsoerved rosulis.

The findings of previous investigations in low-gpeod flows
indicate that if a boundary layer which Is normally laminar ovor
the afterbody is made turbulent by olther natural or artificial
moans, the resistance to seperation is incroased greatly. Tha tests
on models 2, 3, %, 5, and 6 with roughness addvd show clearly that
this is also the caso in suporsonic flows The two ,schlieron
photographs presented in figurs 23 woro tekon of model 6 with and
without roughness added and are typical of this offect. A compari-
gon of the two photographs shows that, without roughnoss added,
goparation occurs noar tho point of maxlimumn thicknoss, but if _
transition is fixod ahead of this polnt such soparation no longor ‘ o
occurs. .
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Shock—wevo configuration. - It is to be expected that the changss

in flow separation duec to changes in the condition of tho boundary
layer and in the Roynolds number of the flow will bring about changes
in tho shock-wavo configuration at the basc of a body. Tiae schlieren
photographs of figures 12 and 20, which show how the laminar separa—
tion decreoascs and the ccnvergence of the wako incrcesses as the
foynolds numbeor is increased, also show that those phenomona are
accampaniocd by a forward motion of the ftrailing shock wave. In
genoral, as long as the boundary layer is laminar, the trailing
shock wave moves forward as tho Roynolds number increases, but no
major change in the shock—wave configuration takos placo.

Tho shock—wave configuration with a turbulont boundary layer,
howovor, is vory much difforent from the corfiguration with a
lamingr layor, as is illustratoed by the schlioron photographs of
model 6, shown in figure 23. Such configuration chengcs dus to
the transition to turbulent boundory-layor flow correlate quite
woll with tho anglo B that the tangont to tio surface just ahead
cf the base mekes with the axis of symmetry. Figure 24 shows the
rnengss in shock-wave configuration for models 1 through 6 arranged
in order of increasing angle PB. It 1s seen that, on the boat-
tailed bodies with a small angle B, the transition to a turbulsnt
boundary layer is accompanied by the appearance of a wsek shock
wave originating at the base of the body (models 4 and 2). For
bodies with larger boat tail angles (model 5) the etrength of this
wave, hereafter termed the "base shock wave,"” increases until 1t is
approximately as strongas the original trailing shock wave. For
even larger boat—tell angles, the base shock wave becames more
dlstinct, and eventuslly is the only appreciable shock wave exist—
ing near the base of the body (models 3 and 6). In such a case,
the compressicn through the base shock wave occurs forward of the
base. This, as will be shown later, greatly increases the base
pressure and decreases the base drag. Since the changs Iin shock—
wave configuration caused by the eddition of roughnsess is dus to
the greater resistance to flow separation of the turbulent boundary
layer, 1t may be expected thet the above shock-wave configurations
for the turbulent boundary layer will be obtained regardless of the
cause of trensition.

Compared tc the phencmena observed with a lamipar boundary layer
(fig. 19), changes in the Reynolds number for a body with a turpbulent
boundary layer 4o not alter the shock wave configuration to any
significant extent, because the turbulent layer, even at low
Reynolds numbers, ordinarily does not separate. This fact is evident
in figure 25, which shows the schlieren photographs of model 2 at
different Reynolds numbers with roughness added. No apparent change
in the flow charactoristics takes place as the Reynolds number 1s
increased. With & turbulent boundary layer, therefore, the effect
on base drag of varying the Reynolds number maey be expected to be
much less than with a leminar layer.
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£nslysis of the Dreg Data

The qualitative effects of viscosity cn flow separation and on
shock -wave configuration, which have beén discussed in the preceding
sectlions, provide the physical bagis for understaniing the effects
of varying the Reynolds nwsber and changing the condition of the
boundary layer on the dreg coefficients of the veriocus bodles tested.

Fore drag.— The fore drag coefficlents of models 1 through 6
with laminar flow in the boundary layer are shown in figure 26(a)
as a function of the Reynolds number. These data show that, over
the Reynolde number renge covered in the tests, the fore drag of
model 1 decreases about 20 percent, while that of mcdel 6 incresses
gbout 15 percent. The Tore dreg of the other bodles does not chenge
appreciably.

The rsason the effects of Reynolds numboer vary conslderably
wilth different body shapes is clearly illustrated by a comparison
of the measgured fore drags. with the theoretical fore drags, In
figure 27(a) the thooretical and measured values of fore drag are
compared for modol 1, which has no boat talling, and for model 3,
which 1is typical of the boat-teiled models. - From this comparison,
1t is seon that, as previously noted for other models without boat
talling, the thoaretlcal and experimental fore drags for model 1 are
in good agreement. The decrease in fore drag with increaesing Reynolds
numbor for the bodies without bhoat talling is dus entirely to the
decraase in skin—Ffriction coefficient. For model 3, wbich has _
considereble boat tailling,the curves of figure 27(a) ehow that the
thooretical and experimentel fore drags agroe only et high Reynolds
numbers. At tho low Reynolds numbors the nmoasured fore drags are
lower than theo theoretlcal values because of the separation of the
laminer boundary layer es previously illustrated dy tho schlieren
photographs in figures 19 and 20. With separation, the flow over the
boat tall dces not follow the contour of the body, and the pressure
in the accompanying doad-wator region is highor than it would bo if
the separation did not occur (fig. 21). This makos the actucl
fore drag lower than the theorcotical value for e flow without scpare—
tion. At the higher Reynolds numbers, tho separation is negligible
and the flow closely follows the contour of the body; hemnco, tho
thooratical and experimontal fore drags agreo. The reason for tho
approximataly constant fore drag of models 2, 3, 4, and 5, thorofore,
is that the chenges due to skin friction and flow separatlon arec
compensating. For modal 6 with a smooth surface, the fore drag
shown in figure 26(a) rises rathor rapldly at low Reynolds numbors
bocauso the soparvation effects for this relativoly thick body
(f1g. 19) more—thun componsate for the changes in skin friction due
to the veriation of tho Reynolds numbor. '

Figuro 26(b), which shows the fore drag coofficlents of models 1
through 6 with roughnoss added, indicates that the fore drag for all
tho bodlos doocrcasos as the Roynolds number lncreasces above a
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Reynolds nwsber of 1.75 millions. This is to be expoctod, since with
the change to turbulent boundary layer and consequent elimination of
soparation, the only factor reomeining to influcnce the forc drag
coefficients ls tho decrease of gkin—friction coefficients with
increase in Reynolds numbor. Below a Reynolds mumbor of 1.75 milllons,
howoveor, the fore drag of all tho models oxcept model 1 incroases

with Increasing Reynolds mumber. Tho cause of this somovwhat puzzling
bohavior is apparent upon closer examination of the data.

Figure 27(b) shows a comparison of the theorstical fore drags
with the experimental values for models 1 and 3 with roughness
added. The theoretlical value for skin~friction drag was calculated
egsuming laminer flow up to the location of the roughness, and
turbulent flow behind it. This value of drag was added to the
theoretical wave drag to obtain the thsoretical fore drag. It is
geen from flgure 27(b) that for model 1 the curves of theorstical
and experimental fore diag have the preoviously indicated trend of
decreasing drag with increasing Reynolds number over the entire range.
However, for model 3, which is typical of the boat-tallsd bodles,
the measured fore drag at low Reynolds numbers falls considersbly
below the theoreticel value in the manner previously noted. The
reason for this 1s evident from an examination of the schlieren
photographs shown in figure 28, which were teken of the flow over
models 3 end 6 with roughness added. They show that at the low
Reynolds numbers a flow separation gimilar to that observed for an
undisturbed laminar boundary layer (fig. 19) is evident, and the
resulting shock-wave configuration is characteristic of the config—
uration for a laminar boundary layer rather than that for a turbu—
lent boundary layer. It eppears that, at the low Reynolds numbers,
the amount of roughness added dces not cause transition far enough
upstream of the point for laminar separation so that the free
stream can provide the boundary layer with the necessary additional
momentum to prsvent separction. The portions of the drag curves
in which the desirsd transition was not realized are shown dotted
over the region in which separation was apparent from the schlieren
pictures. For model 1, the schllsren photogrsphs showed that at
the low Reynolds numbers the amount of roughness added was suffi-
cient to effect transition some distance ahead of the base, although
not immediately aft of the roughness,

The agreement between the experimental and the thooretical
results obtained by the use of equations (4) and (5) indicates that,
at a Mach number of 1.5 and in the range of Reynolds numbers
covered by this investigation, the familiar low-—speed skin—friction
coefficients can be used to egtimate drag dus to skin friction at
supersonic speeds. This confirms the results of references 3, L,
and 5 and extends thelr epplication to the evaluaticn of skin—friction
drag for supersonic flow on bodies of revoluticn.
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A comparison of the curves of figures 26(e) and 26(b)} showa
that for a given body at a gilven value of the Reynolds number the
fore dreg with roughness added is consiglbently higher than the
corregponding fore dreg of the smooth-suwrfaced body. In tho
general case, this over—all incresse in fore drag 1s attributable
both to.the increase in the skin-friction dreag of the body end to
the elimination of separation with conseguent increese in the
prassure drag of the boat tall, For model 1, which has no boat
telling, the increase in skin friction is the sole factor contrlbut—
ing to the increase in fore drag. '

Bage pressure and base drag.— Figure 29(a) shows the base
pressure coefficients plotted as a function of the Reynolds number
for modols 1 through 6, each with a smooth surface. It is evident
from the data in this figure that the effects of Reynolds number on
hase pressure for a body with a laminar boundary leyer are qulite large.
In the range of Reynolds numbers covered, the base pressure coeffi-
cient of model 1 increases about 60 percent, and the coefficients of
nodels 2, 3, and LI more than double. The thicker bodies, models 5
and 6, do not exhibit such large changes in base pressure coefficiont,
for the coefficlents apparently reach a maximum at a relatively low
Reynclds number, and then decrease with further increase in the
Reynolds numbsr.

The base pressure coefficients for models 1 through 6 with
roughness added sre shown in figure 29(b). Here again, the portions
of the curves which correspond to the low Reynolds number reglon
vherein transition 4id not occur far enough uwpstream to prevent
geparation are shown as dotted lines. Model 1 exhiblts the lowest
base pregsure snd modsl 6 the highest; in thie latter case the base
pressure 1s even higher than the free-stream static preasure. The
physical reason for this ls evident from” the schlleren photograph
at the bottom of figure 23, which shows that a oompression through
the shock wave occurs jJust eshead of the base of model 6. Except
for the largs changes in pressure coefficient at low Reynolis
numbers where the desired transition was not effected, the variation
of base pressure coefficient with Reynolds number is relatlively
small for the bodies with roughness added. '

From a comparison of the curves for the bodies with roughness
added to the corresponding curves for the smooth-—surfaced bodies,
it 18 eovident that e large change in the base pressure coefficlent
ig sttributable to the change in the condition of the boundary
layer. In genseral, the base pressures for bodies with roughness
added are considerably higher than the corresponding base pressures
for tho smooth-—eurfaced bodles. In the case of -the boat—tailed
" Lbodies the physicel reason for this Increase in the base pressure
is the appearence of the base shock wave, as shown in figure 2k,
For modsl 1, which has no boat tailing, -the mixing action and
greater thickness of the turbulent boundary layer are probebly
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regponsible for the observed incresass.

The foregoing data show that the effects of Reynolds number and
condition of the boundary laysr on the base pressure of a body moving
at supersonic speeds depend considersbly upon the shape of the efter-
body. In order to ascertain vwhether the effects of viscoslty also
depend upon the length—-dismeter ratlo for a fixed shaps of afterbody,
some models of different length diameter ratios were tested and the
data presented in figures 30(a) and 30(b) which show the variation
of base pressure coefficient with Reynolds muber. The data pressntsd
in this flgure are not fres of support interference. From these
date 1t is apparent that the effects of viscosity on the base pressure
increase with the length~diamester retio of the body. It is to be noted
that the bese pressure incresses as the length -diameter ratio
increases. This is somevhalt et variance with the results of
vraference 20 (alsc reported in roference 18), which ehowed an effect,
but not a systematic one, of length-diameter ratio on the base
pressure of bodies without boat tailing,

The base drag ccefficient can be obtainsd from the base pressure
coefficlent of the models by using equation (2). The base drag
coefficlents for the smooth-surfaced bodles are presented in figure
31(a) and for the bodies with roughness added in figure 31(b). These
curves are, of course, similar to the corresponding curves of base
pressure coefficient given in figuros 29(a) and 29(b). In this
" form the ordinates cen be added directly to the fore drag coeffi-
cilents of figure 26 to obtain the total drag coefficient of a given
body. It is seen that the contribution of the base pressure to the
total drag is very small for models with large amounts of boat
tailling, such as models 3, 4, 5, and 6.

Total drag.— The total drag coefficlents for models 1 through 6
with smooth surfaces are shown in figure 32(a) as a function of
Reynolds number. These data show that the drag coefficilents of
both models 1 end 2 with a laminar boundary leyer increase a little
over 20 percent from the lowest to the highest value of Reynolds
numbor obtalned in the tests. The other models exhibit somowhatl
smaeller changes. The data presented in figures 26 and 31 indicate
thet the principal effect controlling the variation of totel drag
with Reynolds number for laminar flow in the boundary layer is the
effect of Reynolds number on the bage drag of the bodies. For the
special case of highly boat—tailed bodies, however, this effect 18
of 1ittle rolative importance bocause the base drag is a small part
of the totel drag. In such cases, the over-all variation of drag
coofficient is due almost ontircly to the veriation of fore drag
with Reynolds number.

Figuro 32(b) shows the total drag coofficlomts plotited as a

function of the Reynolds number for models 1 through 6 with rough—
ness added, Again, the portioms of tho curves that sre shown dotted
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represent the Reynolds number reglion in which the amount of roughness
added is insufficlent to cause transition far enough upstream so that
separation is prevented. All the curves have approximately the same
trend, the over—all effect on the drag coeff¢c;entsbsing about 15
percent or less for the various bodiss.

A comparison of the curves of total drag for bodies with rough-
nesgs addsd to the corresponding curves for bodles with smooth surfaces
shows an interesting phenomenon. . At the higher Reynolds numbsrs the
drag of models 1 and 6 ls actually decreased slightly by the addition
of roughness, in spite of ‘the corresponding increase in gkin—friction
drag. The reason is, of course, that the base drags are very much
lower for the turbulent boundary layer than for the laminar. The
drag coafficients of the cther bodles (models 2, 3, 4, and 5) are
somevhat higher with roughness added, because the increase in friction
drag of the turbulent boundery layer ig greater than the decrease 1n
base drag. :

The impcrtance of alwaye ocnsldering both the Feynolds number of
the flow and condition of the boundary layer is illustrated by the
total drag characteristics of model 2. For example, if model 2 ware
tested with a turbulent boundary layer at a Reynolds number of 2
milliona, the drag would he &hout 35 percont higher then if testod
with a laminar boundary laysr at a Reynolds number of one-half
million. Although discrepancles ag large as these have not beon
reported as yot in the drag data from different supersonlec wind
tunnels, certain consistont differsenceos, verylng from about 5 to 25
percent, havo been roportod (reforence 21) in the drag date of
gimilar projoctiles tested in the Gottingen and the Kochel tunnols.
Although in reference 21 the discropancles boetwoon the two tumncls
wora attributed only to the varlation in ekin friction with Reynolds
number, 1t eppears from the results of ths presont invostigation
that such discropancies are ettributable primarily to differences
in flow separation and base pressurc. — -

A comparison of the offects of viscoslity for polnted bolies
with the offects for a blunt body shows clearly that body shapo
mist bo considered, and that conclusions sbout viscosity offoects
based upon tostes of blunt bodios may be completely inapplicable
to tho asrodynamlc shapes which are sultable for suporsonic flight.
For oxamplo, In tho caso of a sphore at 1,5 Mach number witg an ovor-
all Roynolds numbor variatlon of from 7.5 x 10* to 9,0 x 107, the
agrocment botween the drag data from Goitingen (reforence 7,,
Pocnomundo (roferonco 21), and the prosent wind tunnol is within 1
poercent of the valuos measurod Ffoir froo-flight (roforonces 7 and 22).
It is ovidont that tho offects of viscosity on the drag of a sphere
are quite differcnt from the effocts on tho pointad bodios tusted
in this investigation,
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CONCLUSIORS

The conclusions which follow apply for a Mach number of 1.5 and
at Reynolds numbers based upon model length up to about 5 millions
for bodies of revolution similar to the ones tested.

1. The effects of viscosity differ greatly for laminar and
turbulent flow in the boundary layer, and within each regime depend
upon the Reynolds number of the flow and the shape of the body.

2. Laminar flow was found on the smooth bodies up to a Reynolds
number of 6.5 millions and may posseibly exist to considerably higher
values,

3. A comparison between the test results Tor laminar and for
turbulent flow in the boundery layer at a fixed value of the Reynolds
muiber shows that:

(a) The resistance to separation with turbulent flow in the
boundary layer is much greater, _

(b) The shock-wave configuration near the base depends upon
the type of the boundary-layer flow and the relative
degree of boat tailing.

(c) The fore drag coefficients with turbulent boundary
layer ordinarily are higher.

() The base pressure iz much higher with *he turbulent
boundary layer.

(e) The total drag is usually higher with the turbulent
boundary layer.

k., For laminar flow in the boundary layer the following
effects were found:

(a) The laminar boundary layer separates forward of the
bazse on all boat—tailed bodises tested, and the
position of separation varies notlceably with Reynolds
number. ITaminar sevaration is not necessarily
accompanied by & shock wave originating from the
voint of separation. On many of the models the
separation is located in a region upstream of which
the vwreasure continually decreases in the direction
of the flow.

(b) The trailing shock wave moves forward slightly as the
Reynolds mimber is increased, but no signiiicant change
tekes place in the shock-wave configuration near the
bass.
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(¢) With incroasing Reynolds mumbors, the fore drag cooffi—
clonts incroeso for highly boat—teilcd bodios end
docrease for bodlos without boat tailing. For modor-
atoly boat—tollod bodlos tho varietion of the foro
drog coofficiont with Roynolds numbor is rolativoly
small,

(d) T™he baso prossurc of the boat~tailed bodics 1s
controlled by tho laminar soparaticn and changes
markedly wilth Reynolds number. For bodiocs with
the samo aftorbody shapo, tho base prossurc elso
daponds upon tho length-diemotor ratio of tho body.

(o) Totel drag varios considoxebly with Roynolds numbor,
changling moro than 20 porcont for sovoral of the — -
modols. :

5. For turbulent flow in the boundary leyor tho following offocts
woro found:

(e) Soparetion does not ordinorily occur.

(b) Tho shock-weveo configuration noar tho baso docs not
chango noticoably as tho Roynolds numbor changos.

(¢) Tho foro dreg coofficionts docroasc slightly as tho
Roynolds numbor ls incroascd.

(&) The baso prossurc changos vory littlo with chonging
Roynolds numbor.

(o) Tho total drag docrocscs as the Reynolds numbor is
incroasod,

Anes Aoronautical Leboratory,

Hationel Advigory Committoo for Aoronaut*cs," :
Moffott Field, 0~1lirf, - -
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APPENDIX A
VARTATION OF TEST-SECTION STATIC PRESSURE

Since ‘the static pressure with no model present varied z2long the
axis of the test section as showm in figure 7, it wes necessary to
apply a correction to the measured coefficients to account for the
increment in drag or pressure resulting from this axial pressure
gradient. Although the axial variation of test-section static
pressure is not monoténic, the pressures at the downstream end of
the test section are uniformly lower than the pregsures of the up-
stream end where the nose of the models ars ordinasrily placed. This
mesns thalt the actuasl pressure exserted at & given point on a body
ig lower than it would be if the ambient pressure gradient were zexo
as 1t is in free flight. The gradient corrections are calculated on
the assumption that the magnitude of the pressure exerted at an
arbitrary point on the body in the tumnel is lower than it would
be if no gradient were present by an increment egual to the amount
which the static pressure decreases (with no model present) from
the position of the model nose to the position of the arbitrary
point. It is not necessary to includs the corresponding axial
varlation of dynamic pressure in the corrections since it varies
cnly *0.2 percent from the mean test-section valus used in all
calculations. The corrections to the measured coefficients of model
1 lccated 2.5 inches downstream from the reference pressure orifice,
for example, amcunt to +0.012 in fore drag coefficient end ~-0.,026
in base drag ccefficient; the corresponding psrcentages of the
uncorrected ccefficlente of fore drag and base pressure are 12 and
15, respectively.

Because the gradient correction s relatively large in the
present tests and apparently has not been applied in the past to
supersonic wind—tunnel data, an experimental Justification of such
theorsetical corrections is in order. The vallidity of ths corrections
a8 epplied to fore drasgis confirmed by teste on model 9, which
conelsts of a conical nose with a 20° included angle and a short
cylindrical afterbody. The theoretical fore dragof this body, which
is equal to the sum of the wave and friction drags, can be easily
celculated as a function of Reynolds number. The wave drag of the
conical nose is given accurately by the experimentally confirmed
calculations of Teylor and Maccoll (references 10 and 11}. The
frictional drag can be calculated using the low-speed leminar ekin—
friction coefficients in accordance with rsferences 3 and 11, since
the boundeary layer was completely laminar over this model. A com—
parison of the corrected and uncorrected fore drags with the theo—
retical fore dreg is shown in figure 8. The corrected fore drag
coefficients are seen to be in good agreement with the theoretical
values; whereas thc uncorrected data fall below the wave drag at
high tunnel prossures. This latter condition, of course, represcnts
an impossible situation for a body without boat tailing.
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In order to check experimentally the validity of the corrections
ag applied to the measured base pressure, model 1 was tested on the
slde support at five different positions along the axis of the test
section. Because the support system remained fixed relstive to the
body, the Interference of the support ls the same in each case, hence,
any discrepancies in the messured base pressures at the varilous
positions are attibuteble only to the pressure gradient along the
tunnel axis, ¥Figure 9 shows that the uncorrected base pressure data
taken at the five different positions differ by about 25 percent, but
the corresponding five setes of corrected data fall within about 1.5
porcent of thelr mean, thus confirming the validity of the correction.
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APPENDIX B
PRECISICN OF DATA

The accuracy of the results presented can be estimated by
considsring the possible errors that are knmown to be involved in
the measuremsnt of the forces and pressures, and Iln the détermina~
tion of the free--streem Mach number and gradisnt correcticns.

The force measurements.are subject to errors from shifte in
tho balance zero due to temperature effects, and also from a ehift '
in the calibration constant. The zero shift, which is less than *1
porcent of the force data at low pressures and less than 0.2
porcent at high pressures, was checked periodically by rumning the
tunnel through the complete temporature rangs with no force applisd
to the balance. In the majority of cases the varlation of the
balance calibration constant, which was checked before and after
each series of tests, permitted a possible deviation of *0.3 percent
in the force data. All data presented in figures 12(b), 16, 17, and
the data for models 4, 5, and 6 in Tilgures 26(a) end 32(a) were
obtained during a period between two consecubive balance calibrations
for which the constant differed by 6.4 percent. A comparison of the
deta obtained during this period with theoretical results and with the
results of subsequent reruns of some of the seme models indicates
that the change in balance callbration occured before the date in
guestion were obtained. The results In the aforementloned figures
were therefore computed on the basis of the later calibration. I%
is estimated that the meximm error in the balance calibration
constant for these rssults is at worst no greater than +0.3 to
—3.0 percent.

The pressure data, including the dynemic pressure, are subject
to small errors vesulting from possible inexact readings of the
mercury mencmeters. The base pressure data ars also subjact to an
additional error resulting from the smell variation in the specific
gravity of the dibutyl phthalate indicating fluid. At the most,
these scurces can cause an error in the totel and fore drag coeffi-
cients of about ¥0.3 percent, and in the base dreg coefficient of
about *0.8 psrcent. The error in dynamic pressure due to the
uncertainty in the free—stream Mach number 1s negligible, since the
isentropic relation for the dynamic pressure as a function of Mach
number is near a maximum at a Mach number of 1.5. For slender bodies
of revolution the variation of the force coefficients with Mach
number 1s quite small; hence, errors resulting from the variation of
free—stream Mach number from 1.49 to 1.51 are negligible.

On the basis of the date presented in figures 8 and 9, it is
estimated that for all tunnel pressures the uncerteinty in the
gradient corrections to total drag, fore drag, and base pressure
coefficients cen cause .at the most an error in these coefficients
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of *Q.00%, *0.00L4 and 0,005, vespectively. It should be noted
that in the table on precision, presented in the section on resulis,
thils source of error, which 1s indepéndent of tunnel pressure, is
expressed as an increment and not as a percentage of the measured
coefficient. - :

Previous Investigations have shown that an uncertainty mey be
introduced in supersonic wind—tunnel data if the humidity of the
tumnel alr i1s very high, To determine the effects of this variable
in the present investigation, the specific humidity was varied from
the lowest values (approximately 0.0001) to values approximately
20 times those normally encountered in the tesis. Drag and baae

Prassure measurements were taksn on a body with a conical heasd and also

on & sphera. The results showed no appreciumble effoct of humidity
over a range much greater than that encountered in the prosont tosts,
provided the varistion in test-section dynamic pressure with the
change in humidity was taken into account in the reduction of the
data. It is believed, therefore, that the precision of the results
presented in this repsort is uneffected by humidity.
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APPENDIX C
EFFECT OF SUPPORT INTERFERENCE

A knowledge of the effectg of support interference upon the
data in question ls essential to an understanding of its applica—
bility to free flight conditions. DPrevious to the prosont investi--
gZation an axtonslve series of tesis were conducted to detormino the
body shape and support combinations necessary 1o evaluato the support
intsrference.

In general, it was found that for the models tested in the smooth
condition (laminar boundary leyer) the effect of tho rear supports
veed in the presont investigation wes negligible in all rsspects for
the boat—tailod models 2 and 3 and was appreciable only in the basc
prossurs measuremonts for modsl 1. On the basis of these rosults
it is belieoved that tTho rear supports used for the other highly boat—
tailod becdies (modols 4, 5, end 6) have a negligible effoct on the
drag of the model. For model 1 combinations of rear support and side
support were used to gveluate the effoct of the rear support on the
bese preesure. Tho ovalustion was made on. the assumption of no
mutual interference between ths rear support and side support, snd
was checked by tho use of two different combinations of sido support
and rear support. Tho data Indicete that the assumption is Justified
within the limits of the experimental accuracy end that the corrocted,
intorference—~free base pressurss doduced by this mothod differ only
slightly from thosc moasured with the sido support alono.

For the bodies with roughness added (producing a turbulont
boundary layer) a complete investigation of tuo support intorferenceo
was not made; consequontly, a dofinite quantitative ovaluation of
the Intorforcnce offccta for each body in this condition cannot be
givon. From tho data that wore obtainod it has boon found that the
forc drag is uwnaffected by the presence of the supports used iIn the
presont investigation, but that a smell emount of interforonce is
evident in tho base pressure coefficient which may vary from a
minimum cf £0.005 to a maximum of *0,015 for the difforont bodies.
This wncorteinty in tho base pressure coofficient results in a cor—
rogpondingly small uncorteinty in the base diag cocfficient and in
the total drag cocfficiont.
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FIGURE 2.—Special-purpose models.
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FIGURE 4.—Schematic diagram of model installation with rear support and drag gage.
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FIGURE 5.—Schematic diagram of model installed with side support.
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(a) Rear support.

(d) Side support.

FIGURE 6.—Typical model installations.
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Re=6.5 x 108.

FIGURE 13.—Schlieren photographs showing laminar flow over the eylindrical afterbody of model 7 at two
values of the Reynolds number. Knife edge horizontal.
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(b) Knife edge horizontal.

FIGURE 14.—Schlieren photograph showing premature transition on the cylinder afterbody of model 8.
Reynolds number 9.85 million.
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NACA RM No. A7A31la Fig. 17
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Figure 17.- Variation of fore drag coefficient
with Reynolds number for model 8
with various amounts of roughness.
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Figure 18
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(b) Knife edge horizontal.

FIGURE 18.—Schlieren photographs of model 8 with transition fixed. Reynolds number 7.2 miilion.
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NACA RM No. ATA31a CONFIDENTIAL Figure 19

Re=1.1 x 108, Re=1.4 x 108.

FIGURE 19.—Schlieren photographs showmg the effect of Reynolds number on laminar separation for
model 6. Knife edge vertical.
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NACA RM No. ATA381a CONFIDENTIAL _ Figure 20

Re=3.8 x 108,
Model 2

Re=1.2 x 108. Re=38.8 x 108,
Model 8

Re=0.10 x 108,

Model 10

FIGURE 20.—Schlieren photog'raphs showing the effect of Reynolds number on laminar separation for
models 2, 8, and 10. XKnife edge vertical.
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at 0.8 million Reynolds number.
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Figure 23.- Galculated pressure distribution on model 6.
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NACA RM No. ATA31a CONFIDENTIAL Figure 23

_ it R e -
(b) Turbulent boundary layer, Re=0.87 x 108.
FIGURE 28.—Schlieren photographs of model 6 illustrating the effect on flow separation of the condition
of the boundary layer.
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FIGURE 24.—Schlieren photographs showing the effect of tur
figuration at base of models 1, 2, 8, 4, 5, an
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Re=3.8x 10"
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Figure 24
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bulent boundary layer on shock-wave con-
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NACA RM No. ATA31a CONFIDENTIAL Figure 25

A-11150
2-1-47

Re==3.9 x 10%. Re=5.1 x 108.

FIGURE 25.—Schlieren photographs showing the absence of any effect of Reynolds number on the flow over
the afterbody of model 8 with roughness added. Knife edge vertical.
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Figure 26.- Variation of fore drag coefficient for models 1, 2, 3, 4, 5, and 6 in the
emooth condition and with roughness added.

-~




TYILNTIAIINOD

-88 r--Drag deorement due to lamlnar msparation «R8— \\:-fhaoretiua.l wave drag plus turbulant
! riotion (Model 3)
1 Theorstioal wava dr'ag pllun ‘laniner = S
2 8  frigtion 24 // ?%m—é___,
' \ ’ ) ; T~ Roughneas added
Sk g S >
RS — = I
Ty B n ,fheorationl wave drag-] Modol 3
& «30 PO, ppmpy Py ppo — & .20 T ._q I ‘T i |
. Yheoretionl wave drag | °\ R ~{Theorstical wave drag plus turbulent friotion
» Bt "E \1 Model 1)
g o \k [~ v
3.8 *rﬂf— B .16 Pt —
g N [ H 1*W“‘ﬂ I -—1 »
N —-Theoretical wave drag plus laminar b4 ~] O
] ~ friotion o A
] 12 ' —— t .13 ~: _Roughness added |
L " ) L] Theoratical wave drag----" -=
° = —== . ° = — Model T
K ‘Theorstical wave drag “\ b
4 .08 bl [ .08
r———
Modeld 1 NATIONAL ADVIBORY COMMITTERE
FOR _ABRONAUTIOB
IO4 le“-
(l)lﬂnofth fondﬁtiﬂn (b)LRoughnara ufdaﬁ
I
1] 1 a2 3 5 8 0 1 2 3 4 5 8

Figure 27.~ Qomparison of theorstioal and experimen-

and 3.

4
Reynolds numbsar, Ha, millions

tal fore drag cosfficienta for modela 1

Reynolda nuwber, Re, milllone

Figurs 37,~ Concluded.

TYIIATQILN0D

BILVLY "CH MY YOVK

Lz "3




NACA RM No. ATA31a CONFIDENTIAL Figure 28

Model 6, Re=0.62 x 105.

FIGURE 28.—Schlieren photographs at low Reynolds numbers of models 3 and 6 with roughness added.
Knife edge vertical.
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Base pressure coefficient, Pp

Baso pressure coefficient, Pg

NACA RX No, A7A3la _ Figs. 29,30
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Figure 29.- Variation of base pressure coefficient with Reynolde number for models 1, 2, 3,
4, 5, and € in the smooth condition and with roughness added.
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Figure 30.- Variation of base greasure ccefficient with Reynolde number for bodies without
boat-talling but with different length-diameter ratios.
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Figure 3l.- Variation of base drag coefficient with Reynolds number for models 1, 3, 3, 4, 5
and 6 in smooth condifion and with roughne added,
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Figure 33.- Variation of total-drag coefficlent with Reynolds number for models 1, 8, 3, 4, B
and 8 in the emooth condition and with roughness added.
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